The convergence of the close-coupling formalism is studied by expanding the target states in an orthogonal L Laguerre basis. The theory is without approximation, and convergence is established by simply increasing the basis size. We present convergent elastic, 2s, and 2p differential cross sections, spin asymmetries, and angular-correlation parameters for the 2p excitation at 35, 54.4, and 100 eV. Integrated and total cross sections as well as T-matrix elements for the first five partial waves are also given.
I. INTRODUCTION
The electron-hydrogen scattering problem is an ideal testing ground for any scattering theory as this is the only electron-atom scattering problem where the target wave functions are known exactly. This relatively simple problem continues to attract considerable interest as there are still significant discrepancies between theory and experiment.
The close-coupling equations for electron-hydrogen scattering, in principle, provide a complete description of the scattering process if they are solved without approximation and if correct thr""-body boundary conditions are applied to the channels with three free particles in the asymptotic region. They are derived by taking an expansion of the electron-hydrogen atom wave function over the complete set of target states. Because There is, however, another approach to evaluating the sum over discrete and integral over continuum target states which treats them on an equal footing and is referred to as the pseudostate method. A set of Lz functions is chosen in which to diagonalize the target Hamil- tonian so that the wave functions for the channels over which we calculate T-matrix amplitudes are accurately determined. The remaining states from such a diagonalization have negative and positive eigenenergies. The assumption implicit in this method is that, when the set of functions is carefully selected, as their number increases without limit, they form a basis for the Hilbert space of the target. Thus the expectation is that answers one obtains by solving the coupled-channel equations, when the sum and integral over the true target states are replaced by a discrete sum over the pseudostates, will converge with sufficiently large basis sets. In terms of testing the basic assumptions of the pseudostate method and understanding its theoretical justification the work of several groups deserves mention. Early numerical calculations for the electron-hydrogen problem utilizing pseudostates were carried out by Burke and Webb [I] . They demonstrated that the inclusion of a few pseudostates significantly reduced the cross sections for scattering, bringing them into better agreement overall with experiment. It was soon realized that with pseudostates one often has the problem that spurious resonance features are introduced into the model cross sections. A study of the convergence properties of pseudostate sets was undertaken by Burke and Mitchell [2] . They considered the model of electron-hydrogen scattering that only treats states of zero orbital angular momentum. Progressing systematically by including more states, they concluded from their study of the singlet L = 0 partial wave amplitude that the model calculations were converging except in the neighborhood of the pseudoresonance features. This work while exploring the numerical advantages of pseudostates did not pursue the deeper question of the nature of the quadrature rules that pseudostate target expansions induced, nor did they attempt to establish the relationship between pseudostates and true target continuum states. The [3] . Through the use of a I aguerre function basis the nature of the quadrature could be explored. The quadrature rules were of a Gaussian type and the underlying orthogonal polynomials were shown by Yamani and Reinhardt [4] to be those of the Pollaczeck class. They were also able to demonstrate the manner in which each pseudostate derived from a finite subset of the Laguerre basis is related to the continuum functions; apart from an overall normalization constant, the pseudostates were the Fourier expansions of the continuum functions truncated to the N-function basis set. [8, 9] 
A. Exact target states
In the close-coupling method the wave function (3) is expanded over the complete set, discrete and continuous, of target states P, (r) as
Here the states P, (r) are the exact eigenstates of the target Hamiltonian with (6) (~.+")l~,) =~, l~, ).
The functions fs(r), by consideration of (Pzgkl4' ) in (4) and (5) , must satisfy (&~l fl') = ( -1)'(W~lf, ').
In standard close-coupling formulations, see Ref. [13] for example, the symmetry condition (3) 
We impose condition (15) with the aid of (14) in the E term above, 
)/. I 4')(0 we write the multichannel expansion (4) as (12) Rather than solving explicitly for the functions fs(r)
we form the Lippmann-Schwinger equation for the T matrix l~') = I21~') and hence (13) Ts (kglI3VS(8)I2]@s&yl) where lkP) are the asymptotic states satisfying (22) P"l@s) = I&P"I2]4's).
Writing Itl@ ) instead of l@s) explicitly indicates that the multichannel expansion for the complete wave function is being used. The symmetry condition (7) can then be expressed more usefully as
and where the notation (+) indicates outgoing spherical wave boundary conditions. Combining (18) , (22) (15) . This is equivalent to taking 8 = 0 above.
The nonuniqueness manifested itself as instability in the off-the-energy-shell T matrix only, and so did not cause great concern. Stelbovics [14] has shown analytically that this is indeed the case by studying the nature of the homogeneous solutions of the 8 = 0 Lippmann-Schwinger equation (24) . He (27) the major approach of Bray This choice of basis we consider to be very important.
Unlike the Slater basis, the Laguerre basis is orthogonal, and so does not suffer from any linear dependence problems as the basis size is increased. With this basis we are able to obtain as many as 100 orthonormal states upon diagonalization of the Hamiltonian for each /. Thus, this basis is ideal for convergence studies. Furthermore, the nature of the quadrature in (26) has been studied in detail by a number of authors, see Refs. [4, 16, 17] (29) gives the correct T-matrix amplitudes (24) for the transitions to the 1s, 2s, and 2p levels. We also mention for completeness (although it has no bearing on the calculations reported here) that the positive energy L2 states cannot converge to the non-L2 regular Coulomb functions. It can be shown [4, 5] that the Gaussian weight function together with the positive-energy weights in the quadrature (26) 
where the projectile is denoted by linear momentum k and orbital momentum L, while the target state is denoted by principal quantum number n and orbital angular momentum t. The total orbital angular momentum is denoted by J, and E = s",~,
is the on-shell energy. The V-matrix elements are evaluated using (21) . It is our aim to perform very large multichannel calculations so it is important to reduce the amount of computer resources necessary to solve (31) . Instead of solving (31) directly, which involves complex T-matrix elements, we rewrite it as
where the symbol P indicates that the integral is of the principal value type, and k" i is defined for 1 & 
As both b""/m"and VsJ (8) [12] .
The relation between the reduced T-matrix elements and various physical observables may be found in Refs. [12, 19] . The relationship between the I and L~parameters is particularly worth noting given the remarkable quantitative agreement between experiment and the coupledchannel optical (CCO) theory of Bray and McCarthy [21] in electron-sodium scattering for this and other parameters This agreem. ent is found for singlet, triplet, and averaged spin states. As the CCO theory [21] is an approximation to the CC theory presented here we also expect excellent quantitative agreement with such parameters in the simpler case of electron-hydrogen scattering.
Unfortunately, this does not prove to be the case.
IV. RESULTS
The major discrepancy between theory and experiment for electron-hydrogen scattering is for angular correlation parameters A and R of the 2p excitation. So we apply our theory to those energies where there are most measurements of these parameters namely at 35 and 54.4 eV. We also look at the higher energy of 100 eV to get a broad energy spectrum.
Our aim is to present a series of large basis closecoupling calculations which demonstrate convergence of the close-coupling approach. In the partial wave solution of the close-coupling equations discussed above, convergence with target states, denoted by nl, must be demonstrated separately for n and I.
In Figs. 1 -9 In Fig. 1 In Fig. 3 we look at the angular correlation parameters, for which there is an extensive set of measurements. Once again we see that convergence as a function of N1 is Fig. 1 for more detail and definition of other theories. The measurements for the elastic channel have been interpolated from Williams [27] , and for the inelastic channels are due to Williams [28] . The differential cross sections for the ls, 2s, and 2p channels for electron hydrogen scattering at 54.4 eV are given in Fig. 4 . Convergence is clearly demonstrated.
Agreement with experiment and other theories is quite good, though our results are systematically a little lower than the measurements. At this energy as well as at 100 eV there is a large pseudostate calculation of van Wyngaarden and Walters [24] . This is a 40CC calculation with N~= 8 and l~= 2, where they also tried to take care of higher t by employing a distorted-wave second-order Born approximation. They used Slater-type orbitals for their basis which was chosen to get good second-order Born terms. We denote their results by vWW40CC.
The corresponding ssymmetries are given in Fig. 5 .
Here we see that while convergence for the ls and 2s channels is evident at all angles, it is not so clear for the 2p channel. Clearly larger calculations are necessary to establish convergence at all angles for the asymmetry of the 2p channel. Agreement with other theories is rather mixed with the DWB2 calculation standing out most from the others.
The 54. The corresponding asymmetries are given in Fig. 8 . As at 54.4 eV, the covergence for the 1s and 2s channels is obtained at all angles, whereas it hss not been established for some angles of the 2y channel. Agreement with the 6CCO and vWW40CC results is quite good, but it is surprising to see a large discrepancy with the DWB2 calculations at this relatively high energy. Whenever there The estimates of the 2s and 2p integrated cross sections are due to van Wyngaarden and Walters [24] . Bray and McCarthy [21] , which is an approximation to the convergent CC theory pesented here, we are not too perturbed by the present discrepancies between theory and experiment in electron-hydrogen scattering.
Our overall conclusion is that the Laguerre basis expansions applied here are adequate to obtain fully convergent scattering amplitudes in the close-coupling equations. In the calculations reported, we have demonstrated convergence of individual partial-wave T-matrix amplitudes for channels of interest to better than 5% level over all the energy range considered with few exceptions. For parameters which are made from the summed partial waves we achieve convergence in some cases to better than 2%. We have demonstrated this for difFerential cross sections and to a lesser extent the angular correlations. Larger basis expansions are needed to obtain convergent spin asymmetries at all angles and energies to better than 10%. Achieving significantly better convergence for the amplitudes, say to a 1% level, is likely to require a large scaling up of our present calculations based on our experience [11] with the Poet model which required 30 l = 0 states. Extrapolating to our current models, it is reasonable to suggest that a 200CC calculation could be required, which is well within the capacity of modern supercomputers.
